The canine 3 -phosphoadenosine 5 -phosphosulfate (PAPS) transporter 1 fused to GFP was stably expressed with a typical Golgi localization in MDCK II cells (MDCK II-PAPST1). The capacity for PAPS uptake into Golgi vesicles was enhanced to almost three times that of Golgi vesicles isolated from untransfected cells. We have previously shown that chondroitin sulfate proteoglycans ( 
Introduction
Proteoglycans (PGs) are proteins carrying long glycosaminoglycan (GAG) chains, consisting of repeating disaccharide units modified by epimerization and sulfation. Although most GAGs are linear structures, great structural diversity has been observed, due to variability in the modification patterns. PGs carrying GAG chains with characteristic modification patterns are important in cell-cell recognition events, cell migration, organ morphogenesis, and other developmental processes (Deepa et al. 2004; Kreuger et al. 2006) . Although the building blocks and enzymatic events in GAG synthesis and modification are well characterized, less is known about how these processes are regulated. The aim of this work is to study whether increased availability of the sulfate donor 3 -phosphoadenosine 5 -phosphosulfate (PAPS) in the lumen of the secretory pathway influences PG synthesis.
Nucleotide sugars, such as UDP-N-acetyl-glucosamine (UDP-GlcNAc), UDP-N-acetyl-galactosamine (UDP-GalNAc), and UDP-glucuronic acid (UDP-GlcUA), are substrates for the GAG polymerizing enzymes, while the sulfate group of PAPS is transferred onto the polymerizing chain in various positions by specific sulfotransferases (Kjellen and Lindahl 1991) . Polymerization and modification take place in the secretory pathway, initiated in the ER/ERGIC and commencing through the Golgi apparatus. Activation of sugars and sulfate by nucleotides occurs in the cytoplasm from where the activated forms are translocated into the Golgi lumen by specific nucleotide sugar transporters (NSTs) (Prydz and Dalen 2000) . Molecular cloning of NSTs of the solute carrier family 35 (SLC35) (Ishida and Kawakita 2004) has identified proteins which together possess all the necessary activities to translocate substrates for heparan sulfate (HS) and chondroitin sulfate (CS) synthesis (Ashikov et al. 2005) . Specific sulfotranferases transfer sulfate from PAPS to designated sites on the sugar residues (Kusche-Gullberg and Kjellen 2003) . In higher eukaryotes, PAPS is synthesized in the cytoplasm or nucleus from sulfate and ATP by PAPS synthetase (Besset et al. 2000; Li et al. 1995) . PAPS may then be translocated into the Golgi lumen by specific PAPS transporter molecules in the Golgi membrane (Schwarz et al. 1984) . In cell culture, synthesis of PAPS can be inhibited by addition of chlorate, a competitive inhibitor of sulfate binding to PAPS synthetase (Baeuerle and Huttner 1986) . Reduced PAPS levels lead to decreased sulfation of proteins and PGs (Fjeldstad et al. 2002; Keller et al. 1989) . Upregulation of PAPS synthesis by overexpression of PAPS synthetase does not seem to increase sulfation of PGs (Girard et al. 1998) . This points to the PAPS transporter as a possible regulator of PAPS availability. Earlier biochemical studies have identified Golgi membrane proteins with PAPS binding capability or PAPS transport activity (Lee et al. 1984; Mandon et al. 1994; Ozeran et al. 1996a) . Recently, two human PAPS transporters were cloned, PAPST1 and PAPST2 (Kamiyama et al. 2003 (Kamiyama et al. , 2006 . The PAPST1 homolog in drosophila, Slalom (Sll) , has been mutated, resulting in reduced sulfation of HSPG, with concomitant reduction in Wg and Hh signaling during development (Luders et al. 2003) . The activity of the PAPS transporters mentioned above has been characterized, but their respective involvement in PG synthesis remains to be clarified.
The MDCK epithelial cell line is a well-established model for studies of polarized protein and lipid sorting. The cell line exists as two variants, MDCK I and MDCK II, with some differences in PG synthesis (Svennevig et al. 1995) . MDCK II cells produce mainly PGs of CS and HS type, while only small amounts of keratan sulfate (KS) and hyaluronic acid (HA) have been observed (Schepers et al. 2003; Svennevig et al. 1995; Toma et al. 1996) . Grown on filters, MDCK cells establish tight epithelial monolayers. From these, HSPGs are secreted mainly basolaterally, contributing to the matrix of the basal membrane, while chondroitin sulfate proteoglycans (CSPGs) are mainly secreted apically . The structures of CS chains added to protein cores in the apical and basolateral secretory pathways differ dramatically, even for the same protein core, as observed in MDCK II cells expressing the serglycin-green fluorescent protein (GFP) fusion protein (Tveit et al. 2005; Vuong et al. 2006 ) and as observed for the endogenous PG versican in this work. These observations indicate that separate platforms for apical and basolateral CS synthesis are established before the terminal sorting station, the trans-Golgi network (TGN) (Tveit et al. 2005) . One explanation for the pronounced difference in sulfation intensity of apical and basolateral CSPGs could be differential availability of the substrate, PAPS, to the two pathways. We therefore wanted to study factors involved in PAPS transport and address their relationship with polarized sulfation and secretion of PGs in MDCK II cells.
In the present study we have investigated how PG synthesis is affected by enhanced expression of canine PAPST1 in MDCK II cells. To elucidate the effect of PAPS transport on GAG synthesis, we have cloned the canine PAPST1 and introduced it as a GFP-fusion protein in MDCK II cells in addition to the endogenous activity. The PAPST1-GFP localized to the Golgi apparatus and contributed to an increased PAPS uptake into the Golgi lumen. The resulting changes in PG synthesis and modification in the apical and basolateral secretory pathways are reported.
Results

Identification of expression and cloning of canine PAPST1
A cDNA library derived from MDCK II cells, as described in the Materials and methods section, was subjected to PCR with designated primers (see supplementary data). After the expression of PAPST1 was confirmed, the full length coding sequence of canine SLC35 B2 was cloned as described in detail in supplementary data. The canine SLC35 B2 from MDCK II cells, acc.nr. EF568109, has a coding sequence of 1299 bp, corresponding to 433 amino acids. The deduced protein sequence is very well conserved compared to the human and other mammalian PAPS transporter 1 proteins, with only 15 amino acid substitutions separating human and canine PAPST1.
PAPST1-GFP localizes to the Golgi apparatus and increases PAPS uptake into Golgi vesicles
To study the involvement of PAPST1 in transport of PAPS from the cytoplasm to the Golgi lumen, we constructed a fusion protein with GFP C-terminally. MDCK II cells were transfected, and stable transfectants expressing PAPST1-GFP (MDCK II-PAPST1) were generated. Fourteen clones were expanded after selection, and the expression of PAPST1-GFP assessed by live confocal imaging. Three of the fourteen clones expressed PAPST1-GFP. All the three clones expressed the fluorescent fusion protein with a typical Golgi staining. The Golgi localization was confirmed by co-localization with the Golgi marker BODIPY-TR-C 5 -ceramide (Figure 1 ). Golgi vesicles from MDCK II and MDCK II-PAPST1 cells were enriched by subcellular fractionation to determine [ 35 S]PAPS uptake (Fjeldstad et al. 2002) . Golgi enriched fractions from MDCK Fig. 1 . Confocal images of PAPST1-GFP localization. MDCK II-PAPST1 cells were seeded on glass cover slips in wells, and stained with BODIPY-TR-C 5 -ceramide Golgi stain 24 hrs after seeding. The MDCK II-PAPST1 cells were subsequently studied by live confocal microscopy. Localization of the PAPST1-GFP protein (A), localization of the BODIPY-TR-C 5 -ceramide Golgi stain (B), and merge of (A) and (B), (C).
II-PAPST1 cells showed an increased uptake of [
35 S]PAPS (cpm/µg Golgi protein), compared to Golgi fractions from nontransfected MDCK II cells (Figure 2) . Thus, the expression of GFP-PAPST1 and localization to the Golgi apparatus resulted in an increased PAPS uptake into the Golgi lumen.
Overexpression of PAPST1-GFP alters sulfation of secreted macromolecules MDCK II cells grown on filter supports form tight polarized monolayers and exhibit polarized sorting of several classes of molecules, including sulfated macromolecules (Svennevig et al. 1995) . Although some sulfate is carried by glycoproteins, such as the major secreted glycoprotein gp80, most of the sulfate is incorporated into PGs. During transport to the cell surface, PGs acquire sulfate groups to different extents. The amount of sulfate delivered with macromolecules to the apical and basolateral domains of epithelial cells depends on the types of macromolecules transported and their degree of sulfation. Incorporation of [
35 S]sulfate into macromolecules was increased to different extents compared to untransfected MDCK II cells in the three clones expressing PAPST1-GFP (not all three clones shown). For molecules secreted apically, the incorporation of sulfate was increased two to three times. For the basolateral pathway, only a slight increase was observed (Figure 3) . The increased expression of the PAPST1 thus levels out much of the difference in sulfation intensity observed for macromolecules in the apical and basolateral secretory pathways of MDCK II cells with a basal PAPST1 level. To study the biochemical basis for these alterations, one of the three transfected cell lines expressing PAPST1-GFP was chosen for further characterization of PG synthesis and sulfation. 
Altered sulfation of proteoglycans secreted apically
PGs carrying heparan sulfate (HS) and/or chondroitin sulfate (CS) are the major sulfated macromolecules secreted by MDCK II cells. After SDS-PAGE analysis, PGs appear as a smear in the upper region of the gel (above 220 kD), due to the large mass and heterogeneous nature of the associated GAG chains ( Figure 4A ). Different radioactive precursors added to the culture medium are incorporated into the different moieties of the PGs. Metabolic labeling with [
35 S]sulfate reveals the amount of sulfate carried by GAG chains. For MDCK II cells, a strong signal is observed in the PG-region basolaterally (lane 4) compared to the much weaker apical signal (lane 3, Figure 4A ). Indeed, most of the sulfate is bound to molecules secreted to the basolateral medium. MDCK II-PAPST1 cells, however, exhibit [
35 S]sulfate signals of similar strength for macromolecules secreted apically and basolaterally (lane 1 and 2, Figure 4A ). The increase in sulfation observed for the apical pathway could be due to an overall increase in apical PG secretion, which would be reflected in an increased secretion of 35 S]Cys/Metlabeled samples resulted in reduced molecular weight of the most prominent protein bands, confirming PG protein cores (data not shown). The slight increased secretion of protein cores both to apical and basolateral media in PAPST1-MDCK II (comparing lanes 5 and 7, and lanes 6 and 8, Figure 4A ) cannot account for the increased apical sulfation. Especially since the pattern of PG protein core secretion to the two opposite medium compartments is similar for MDCK II and MDCK II-PAPST1 cells (comparing lanes 5 and 6, and lanes 7 and 8, Figure 4A ). In both cases, most of the PG protein cores are secreted basolaterally. Alternatively, the cause could be an increased incorporation of sulfate into GAGs of the PGs secreted apically. 3 H] was reduced, and the most prominent protein band was reduced in molecular mass (data not shown). The secretion pattern of GAGs is quantitatively similar for MDCK II and MDCK II-PAPST1 cells (lanes 9-12, Figure 4A ), but there is a difference in the average molecular mass for the PGs in the respective apical medium (lanes 9 and 11), implying a shift to shorter GAG chains for MDCK II-PAPST1 (as seen in Figure  9 ). Quantification of the incorporated sulfate relative to the in- 
Increased sulfate incorporation into apically secreted chondroitin sulfate proteoglycans
The observed increase in sulfation of macromolecules secreted apically could be a general enhancement of sulfation of both HS-and CS-GAGs released to the apical side of the epithelium, or it could be due to increased sulfation of one GAG-type only. In previous investigations of PGs synthesized by MDCK II cells, HSPG was predominantly secreted to the basolateral medium, but a significant amount of HSPG was also secreted apically (approximately 30% of secreted HSPG, based on distribution of [
35 S]sulfate). CSPG is synthesized in lesser amounts, but is mainly secreted to the apical side . To examine the contribution of HS and CS, respectively, to the total amount of sulfated PGs, we carried out specific degradation of each GAG type and quantified the remaining undigested material. For MDCK II cells we confirmed the pattern of secretion observed previously (Svennevig et al. 1995) . For basolateral samples, most of the sulfate-labeled macromolecules in the PG-region were degraded by HNO 2 , an HS-GAG degrading agent ( Figure 5A , lanes 10-12). There was a minor contribution from CSPG basolaterally, seen as a HNO 2 -resistent band in the upper part of the gel ( Figure 5A , lane 11), which could be degraded by cABC ( Figure 5A , lane 10). The distribution of CS/HS was quantified by phosphorimaging ( Figure 5B ). In the apical medium from MDCK II cells, there was a more even contribution from CS-and HS-GAGs ( Figure 5A , lanes 7-8). MDCK II-PAPST1 exhibits a basolateral secretion pattern sim- ilar to that of MDCK II cells ( Figure 5A , lanes 4-6 and 10-12), while a marked difference in apical secretion was observed for the two cell lines. Degradation of CS with cABC ( Figure 5A , lane 1) removes most of the [ 35 S]sulfate signal in the PG-region for MDCK II-PAPST1 cells. In this cell line, most of the sulfate delivered with macromolecules to the apical medium is carried by CSPG. There is a more condensed band left after cABC degradation, which also barely can be seen for MDCK II ( Figure 5A, lanes 1 and 7) . This is probably a CSPG protein core carrying sulfated stubs after GAG degradation and/or sulfated N-glycans. Quantification of sulfate incorporation by phosphorimaging demonstrates that the CS/HS [ 35 S]sulfate ratio has changed ( Figure 5B ) due to an increased incorporation of sulfate into apically secreted CS-GAGs in MDCK II-PAPST1 cells.
Increased sulfation of the CSPG versican, but not of the HSPG perlecan
Previous studies have demonstrated that MDCK II cells secrete the CSPG versican and the HSPG perlecan in a polarized manner (Svennevig et al. 1995) . By immune precipitation (IP) of versican from apical and basolateral media, we could compare the sulfate incorporation into CS chains attached to this core Figure 6A, lanes 1-4) . Also the secretion pattern was changed. Phosphorimaging revealed that there was about three times more sulfate attached to versican secreted to the apical medium compared to the basolateral counterpart ( Figure 6A , lanes 1 and 2). For MDCK II cells the amount of sulfate associated with versican was almost equal in the two media ( Figure 6A, lanes 3 and 4) . A difference in the molecular weight of versican secreted by the two cell lines was also observed. Versican secreted basolaterally from MDCK II cells was seen both as a high molecular weight species remaining in the application well, and as a broader band further into the gel (Figure 6, lane 4) . The large molecular weight material remaining in the well was not seen for MDCK II-PAPST1 basolateral medium samples ( Figure 6A , lane 2). For these cells, the basolateral versican had a lower molecular weight than the apical counterpart. Metabolic labeling with [
35 S]Cys/Met demonstrated that most of the versican was secreted apically from both cell lines ( Figure 6A , lanes 5-8), with an apical signal six to seven times stronger than the basolateral counterpart. Incorporation of [ 3 H]GlcN reveals the amount of GAGs carried by versican in the two cell lines ( Figure 6A, lanes 9-12) Figure 6B ). The MDCK II-PAPST1 cells displayed a shift in [
35 S]sulfate-labeled versican distribution compared to wild-type cells. The distribution of protein cores and GAG chains was similar in the two cell lines. This demonstrates an increased sulfation of versican secreted apically in MDCK II-PAPST1 cells.
[ 35 S]sulfate labeling followed by immune precipitation of perlecan gave a band above 220 kD on SDS-PAGE gels. [ 35 S]sulfate-labeled perlecan was mainly secreted to the basolateral medium, but a small fraction was also detected in the apical medium. Slight differences in the molecular size of perlecan were observed on opposite sides of the cell monolayer. Basolaterally, the band was more intense and stretched further into the gel, ( Figure 7A, comparing lanes 2 and 4 to lanes 1 and  3) . Only slight differences were observed when comparing perlecan expression in MDCK II-PAPST1 cells to that of MDCK II cells, regardless the metabolic label used ( Figure 7A ). The distribution of apically and basolaterally secreted perlecan labeled with [ 35 S]sulfate was similar in the two cell lines ( Figure  7B ). The distribution of [
35 S]Cys/Met or [ 3 H]GlcN incorporated into perlecan was also the same. Thus, perlecan sulfation and secretion appeared similar in the two cell lines. Our results demonstrate that the increased sulfation observed when overexpressing PAPST1 was essentially caused by increased sulfation of CS. This was exemplified by the immune precipitation of the endogenous CSPG versican, and was particularly evident for the major fraction of versican which was secreted to the apical medium. The sulfation level of the HSPG perlecan was essentially unchanged. 
Disaccharide analysis of secreted proteoglycan GAG chains confirms alteration in sulfate density in CS but not in HS
To confirm alterations in sulfation of the GAG chains, the disaccharide composition of HS-and CS-GAGs isolated from PGs secreted to the apical and basolateral media of the two cell lines was analyzed. Filter-grown MDCK II and MDCK II-PAPST1 cells were allowed to reach confluency before incubation in the serum-free medium for 24 h at 37
• C and 5% CO 2 . Macromolecules secreted during the incubation period were collected and processed for disaccharide analysis, as described in the Materials and methods section. Data from at least three replicas were used for determination of sulfate density and sulfation pattern.
Analysis of CS ( Figure 8C and D) revealed four different types of disaccharides. The dominating type of CS disaccharides of GAGs secreted from MDCK II cells was the unsulfated Di-0S. Even after adjustment by subtracting the amount of Di-HA (degraded hyaluronic acid), a side-product after cABC degradation, Di-0S counts for more than 60% of the CS disaccharides. The HA contribution was estimated by digestion with Hyaluronidase (St. Hyal.) of [ 3 H]GlcN-labeled material followed by separation by gel filtration or digestion by Hyaluronidase SD (S. Diag.) and subsequent disaccharide analysis (data not shown). CS-GAGs secreted to the two sides of the cell layer differed in amount and composition. Most of the CS-GAGs secreted (75%) was recovered apically, confirming earlier findings . The average sulfate density of apically and basolaterally secreted CS-GAGs differed (Table I) , the basolateral CS-GAGs being more intensely sulfated. This is in line with the results from IP of radioactively labeled versican, which exhibited different sulfation densities at the two sides of the cell layer. The most prominent of the sulfated disaccharides was Di-4S. Small amounts of Di-6S and the disulfated-type Di-4,6diS were also detected. The signal from Di-6S seemed to be more prominent for basolateral than for apical samples ( Figure 8D ). This is in agreement with what we previously have observed for the CS-GAGs of serglycin, when this PG was expressed in MDCK II cells (Tveit et al. 2005 ). The transfected cell line MDCK II-PAPST1 displayed the same types of disaccharides as wild-type cells, but with a dramatically altered distribution. The relative amounts of all sulfated CS disaccharides were increased, with a corresponding decrease in the level of the unsulfated disaccharide. Increased sulfation of CS disaccharides was observed for PGs secreted both to the apical and the basolateral medium of MDCK II-PAPST1 cells, but was most prominent for apical PGs ( Figure  8C and D). The total amount of apically secreted CS-GAGs (the sum of the disaccharide components) was reduced by 30% for MDCK II-PAPST1 cells compared to MDCK II cells. Thus, the increased sulfation was accompanied by a reduced amount of GAG disaccharides. This indicates that increased sulfation either leads to shorter, or to a reduced number of GAG chains. When apical and basolateral populations of [ 35 S]sulfate-labeled GAG chains were subjected to gel filtration chromatography, a shift toward shorter GAG chains was observed for PGs secreted from MDCK II-PAPST1 cell monolayers into both the apical and the basolateral medium, compared to the corresponding for MDCK II cells (Figure 9 ). The difference in chain length is probably not related to increased degradation. When metabolically labeled PGs (from a previous experiment) were added to the cells and incubated under the same conditions as for metabolic labeling, we could not detect any decrease in chain length (data not shown).
HS disaccharide analysis ( Figure 8A and B) revealed two variants of unsulfated disaccharides ( UA-GlcNH and UAGlcNAc), three types of sulfated disaccharides ( UA-GlcNS, UA-GlcNAc-6S, and UA-2S-GlcNAc), two disulfated disaccharides ( UA-GlcNS-6S and UA-2S-GlcNS), and finally one trisulfated disaccharide ( UA-2S-GlcNS-6S). The unsulfated UA-GlcNAc was the dominant disaccharide in all samples, comprising around 40-50% of the total. In CS-GAGs, disaccharides with one sulfate group dominated among the sulfated ones. In HS, the main sulfated disaccharide was UA-GlcNS and the trisulfated UA-2S-GlcNS-6S. HS-GAGs from MDCK II cells consisted of several disaccharide types carrying two or three sulfate groups, and were thus on average more densely sulfated than the CS-GAGs. HS-GAGs secreted to the two sides of the cell layer differed in amount, but not in composition.
Five to six times more of HS-GAGs were secreted basolaterally than apically for both MDCK II and MDCK II-PAPST1 cells ( Figure 8A and B). Average sulfation density per disaccharide was around 1.0 (Table I) . The average sulfation density of basolaterally secreted PGs in MDCK II-PAPST1 seemed somewhat decreased compared to MDCK II, but not significantly. The distribution between the two disulfated disaccharides, UAGlcNS-6S and UA-2S-GlcNS, differs in MDCK II and MDCK II-PAPST1 cells. The amount of UA-2S-GlcNS is increased in MDCK II-PAPST1 cells in both apical and basolateral HS. Still HS-GAG sulfation does not contribute to the increased sulfation of apically secreted PGs in MDCK II-PAPST1 cells.
Discussion
PAPST1 is involved in Golgi uptake of PAPS in MDCK II cells
Synthesis and modification of proteoglycan GAG chains take place in the lumen of the Golgi apparatus. These processes are regulated by Golgi enzymes carrying out polymerization of GAGs and subsequent epimerization and sulfation. In addition, the availability of substrates, nucleotide sugars and activated sulfate (PAPS), is also crucial for the PG output. These substrates are imported from the cytoplasm, across the Golgi membrane by specific transporters (as reviewed in Berninsone and Hirschberg 2000) . The primary sequences of several of these multimembrane-spanning transport proteins have become available after their molecular cloning. The transporters have been divided into subgroups of the SLC35, based on their sequences (as reviewed in Ishida and Kawakita 2004). PAPS transport activity of Golgi vesicles was established two decades ago (Schwarz et al. 1984) , but attempts to biochemically purify the protein harboring this activity gave contradictory results. Mandon et al. described a 75 kDa protein with an apparent K m of 1.7 µM (Mandon et al. 1994) , while Ozeran et al. reported a 230 kDa protein with a K m of 0.83 µM (Ozeran et al. 1996a (Ozeran et al. , 1996b . The recent molecular cloning of the human SLC35B2 and B3 demonstrated PAPS transport activity for the protein products designated PAPST1 and PAPST2 (Kamiyama et al. 2003 (Kamiyama et al. , 2006 . PAPST1 consists of 432 amino acids (corresponding to a mass of ∼48 kDa) with an apparent K m of 0.8 µM (Kamiyama et al. 2003) . The drosophila homolog of PAPST1, Slalom, is identified by molecular cloning and harbors PAPS transport activity (Luders et al. 2003) . We have cloned the canine PAPST1 and overexpressed it in MDCK II cells. This increased [
35 S]PAPS uptake into Golgi vesicles and the sulfation intensity of apically secreted CS-GAGs. We have previously manipulated MDCK II GAG synthesis by reducing the availability of PAPS in the Golgi lumen by treatment with chlorate or Brefeldin A (Fjeldstad et al. 2002) . Low concentrations of chlorate reduced the sulfation of CS-GAGs and proteins, while higher concentrations were needed to reduce HS-GAG sulfation. Brefeldin A treatment discriminated between CS and HS in a similar way, but in addition, the reduction was specific for the apical pathway. Identifying PAPST1 in MDCK II cells and overexpressing this transporter allowed us to study the opposite situation, increased availability of PAPS in the Golgi lumen.
Increased Golgi uptake of PAPS influences CS-GAG synthesis
Nucleotide sugar transporters (NSTs) of the Golgi apparatus have been proven vital for PG synthesis. In drosophila, both the UDP-sugar transporter Fringe-connection (Selva et al. 2001) and the PAPS transporter Slalom (Luders et al. 2003) participate in PG synthesis. The connection between NSTs and PG synthesis has also been demonstrated for mammalian cells. Overexpression of a human UDP-GlcNAc/UDP-Glc transporter in HCT116 cells leads to increased levels of cell surface HS (Suda et al. 2004 ). In MDCK II cells, a UDP-Gal transporter has been shown to regulate keratan sulfate synthesis and to some degree influence CS sulfation (Toma et al. 1996) . In this study, we have undertaken a detailed study of HS and CS GAGs synthesized by wild-type MDCK II cells and MDCK II cells stably overexpressing the canine PAPST1. There is a clear difference in the extent of GAG sulfation on PGs secreted by the two cell lines. Both by metabolic labeling and disaccharide analysis, we could detect increased CS sulfation, while HS sulfation was essentially unchanged. To further verify this GAG specific alteration in sulfation, we studied the sulfation level of two different endogenously synthesized PGs, the large CSPG versican and the HSPG perlecan. Versican was clearly more intensely sulfated in MDCK II-PAPST1 than in MDCK II cells, while the HSPG perlecan exhibited similar sulfation levels in both cell types.
Increased CS-GAG sulfation in the apical pathway
The MDCK II cell line is an established model for studies of polarized sorting and secretion of lipids and proteins, including PGs. CSPGs are mainly secreted to the apical medium from polarized MDCK II cell monolayers, while most of the HSPGs are secreted basolaterally (Svennevig et al. 1995 35 S]sulfate, however, are changed. PGs secreted apically by MDCK II-PAPST1 cells carry two to three times more sulfate than their counterparts in MDCK II cells. The increase in CSPG sulfation mainly affects the apical PG population due to the secretion pattern of CS-and HSPGs. CSPGs constitutes a much larger fraction of apically secreted PGs than the basolateral counterpart, which mainly consists of HSPGs. Thus, alterations in CS sulfation have a greater impact on the apically secreted PG population than the basolateral. In addition, there are differences between apically and basolaterally secreted CS. Our best interpretation of the experimental data is that CS-GAG synthesis in the apical and basolateral pathway of MDCK II cells takes place in different Golgi environments. We have previously reported that a nonendogenous PG, serglycin, when expressed in MDCK II cells, acquires different CS-GAG sulfation patterns, sulfation intensities, and GAG chain lengths in the apical and the basolateral secretory pathways (Tveit et al. 2005) . Now, we demonstrate a similar difference in sulfation intensity for the endogenously expressed CSPG versican. In MDCK II cells, the basolaterally secreted versican carries more sulfate per protein core and GAG chain than the versican secreted to the apical medium. Disaccharide analysis of CS secreted from MDCK II cells revealed that basolaterally secreted CS GAGs have a higher average sulfate density (Table I ). The Di-6S is more prominent in CS-GAGs secreted basolaterally than those secreted apically. Overexpression of PAPST1 enhances the sulfation of CS. In MDCK II-PAPST1 cells, the sulfate density of CS is increased for both apical and basolateral GAGs, but much more dramatically for CS secreted apically, where the sulfate density changes from 0.17 to 0.90 (sulfate groups per disaccharide). Also IP of versican demonstrated more dramatic changes to the apically secreted variant of this CSPG. The ratio of GAGincorporated sulfate to protein core synthesis increased two to three times, for apical media from MDCK II-PAPST1 cells over the corresponding from MDCK II cells. Only a minor increase was observed for the basolaterally secreted versican.
Differences in HS-GAG and CS-GAG synthesis
The synthesis of HS-and CS-GAGs is initiated by the addition of xylose to a serine residue in the protein core followed by completion of a linker tetrasaccharide. Addition of the fifth sugar is a decision point, where either GlcNAc, destined for HS, or GalNAc, destined for CS is added (as reviewed in Prydz and Dalen 2000) . The enzymes involved in polymerization and modification of CS have been postulated to reside in the medialGolgi and TGN, while HS synthesis is thought to take place prior to the TGN in most cell types (Spiro et al. 1991) . The cis-, medial-, or trans-Golgi localization of endogenous PAPST1 in MDCK II cells, or any other cell type, has not been firmly determined, but transfection experiments in other cell lines have revealed that human PAPST1 partly co-localizes with transGolgi markers (Kamiyama et al. 2003) . A restricted localization to early regions of the Golgi apparatus, harboring HS synthesizing enzymes, could favor synthesis of HS above CS in MDCK II wild-type cells. The PAPST1-GFP does not display a restricted Golgi localization in MDCK II-PAPST1 cells, when compared to the fluorescent lipid Golgi marker BODIPY-TR-C 5 -ceramide, but the resolution of the method is not sufficient to exclude a differential localization of PAPST1-GFP among Golgi subcompartments. We propose that the presence of PAPST1-GFP in MDCK II-PAPST1 cells increases the availability of PAPS throughout the Golgi apparatus, resulting in more similar sulfation intensities for CS and HS. MDCK II cells, both CS and HS sulfation, are sensitive to the PAPS concentration. There is clearly a potential for increased CS sulfation in MDCK II cells. The HS sulfation density is essentially unchanged, but the alteration in HS disulfated disaccharide composition between the two cell lines could reflect a response to altered PAPS concentration. Relatively small amounts (2-5 mM) of the PAPS synthase inhibitor, chlorate, led to a dramatic reduction in CS sulfation, while HS sulfation was essentially unaffected (Fjeldstad et al. 2002; Safaiyan et al. 1999) . The higher sensitivity of CS sulfation to a reduction in the PAPS concentration could be explained by the observation that CS sulfotransferases in general exhibit higher K m values for PAPS than sulfotransferases involved in HS synthesis (Kolset et al. 2004) . Increasing the PAPST1 level by transfection increases the uptake of PAPS into the Golgi lumen, which again leads to more efficient sulfate transfer by the CS sulfotransferases, and, hence, the sulfate density of CS-GAGs is increased. In line with existing data, CS synthesis seems more flexible and prone to alterations than HS synthesis. A similar relationship between CS and HS synthesis has been observed for two syndecans expressed in epithelial cells. Syndecan-1 and -4 carry CS-GAGs that differ significantly in structure and sulfate density, while the HS-GAGs of the same syndecans are structurally indistinguishable (Deepa et al. 2004) .
The most prominent difference in PG synthesis between the MDCK II-PAPST1 and the MDCK II cell lines is the increased sulfation of CS-GAGs in the apical pathway. However, we could also detect differences in GAG chain lengths between the two cell lines. Both SDS-PAGE analysis of total PGs and of immune precipitated versican indicated PGs with higher molecular weight in the parental cell line, MDCK II. When [ 35 S]sulfate-labeled GAGs from the two cell lines were analyzed by gel filtration, the profiles differed markedly. Both for apical and basolateral GAGs the sulfate label was relatively speaking shifted toward a pool of shorter GAGs in MDCK II-PAPST1. At present, six enzymes that might take part in CS synthesis have been cloned and characterized; chondroitin sulfate synthase 1-3 (Kitagawa et al. 2001; , CS-GalNAc-transferase 1-2 Uyama et al. 2003) , and CS glucuronyl-transferase . The different enzymes displayed variable activities toward nonsulfated and sulfated chondroitin substrates. The polymerizing enzymes also differed in activity toward substrates of different sulfate constitution. 6-O-sulfation has been shown to reduce the activity of GAG polymerases . The observed shortening of GAG chains with increased sulfate density supports the view that sulfation has an impact on chain termination. This is in agreement with the observed increase in CS-and HS-GAG chain lengths observed in MDCK II cells upon treatment with the inhibitor of PAPS synthesis, chlorate (Vuong et al. 2006) . Further insight into the activities and Golgi localization of enzymes involved in CS biosynthesis in MDCK II cells would give valuable information concerning the coordinated synthesis and sorting of PGs and the consorted function of the enzymes involved.
Previous studies have indicated that HS and CS synthesis occurs in sequence, where HS is completed before the trans-Golgi network (TGN), while CS synthesis is completed in the TGN (reviewed in Prydz and Dalen 2000) . Our data indicate that PGs that are secreted at the apical and basolateral surfaces of MDCK II epithelial cells are segregated before their synthesis is completed in the Golgi apparatus. This view is supported by the observed differences in GAG chain length and sulfation intensity, observed for CS-PGs in general, for the endogenous CSPG versican (in the present work), and for the serglycin-GFP expressed after transfection (Vuong et al. 2006) . The increased CS sulfation observed in the apical pathway of MDCK II-PAPST1 cells, where the PAPS concentration in the Golgi lumen was increased, did not affect the sorting polarity of versican protein cores. Still the additional sulfate groups added to CS-GAGs did not distribute with the same overall pattern as for CS-GAGs in MDCK II (wild-type cells), but were rather favoring shorter CS G Dick et al.
chains. These results point to GAG synthesis as a more regulated process than simply a sequential synthesis of HS and CS on the way through the Golgi apparatus.
Materials and methods
Molecular cloning of canine PAPST1 and construction of GFP-fusion protein
The human PAPST1 sequence by Kamiyama et al. (2003) was used as a query in a BLAST (Altschul et al. 1997 ) search via Entrez in GenBank. Homologous sequences were compared by sequence alignments in ClustalW (Chenna et al. 2003) at EBI-EMBL. Parts of the sequence exhibiting high degree of conservation were used for primer design by the Primer3 program (Rozen and Skaletsky 2000) . Selected primer sequences are listed in supplementary data. Primers were ordered from Medprobe/Eurogentec, Liege, Belgium. A cDNA library was made from MDCK II cells by the use of the Direct mRNA Kit (Qiagen, Hilden, Germany) and reverse transcriptase by Superscript II (Invitrogen, Carlsbad, CA). The resulting cDNA was used directly as a template in PCR with selected gene specific primers. Additionally, isolated mRNA from MDCK II cells was used in the RNA-ligase-mediated and oligo-capping rapid amplification of cDNA ends (RLM-RACE) method performed by the GeneRacer Kit (Invitrogen). When performing PCR with RACE-cDNA as a template, a combination of GeneRacer 5 or 3 primer and a selected gene-specific primer was used (see supplementary data). PCR was performed using Taq polymerase (New England Biolabs, Ipswich, MA). PCR products were sequenced directly or after standard molecular cloning using pGEM-T-easy Vector System 1 (Promega, Madison, WI). All PCR products or clones were sequenced by GATC, Constance, Germany or by the inhouse sequence facility. Primer pair PAPST-GFP (see supplementary data) harboring an XhoI restriction site and a kozak sequence in the 5 -end primer and a deletion of stop-codon and a BamHI restriction site in the 3 -end primer were used to amplify the full-length cDNA. The product was cloned into a pEGFP-N3 vector (Clontech, Mountain View, CA) giving a C-terminal GFP-tagged fusion protein, PAPST1-GFP. Restriction endonucleases and Taq polymerase were all purchased from New England Biolabs.
Cell culture, transfection, and selection of PAPST1-GFP expressing tranfectants MDCK II cells were grown in DMEM (Cambrex, East Rutherford, NJ), 5% Fetal bovine serum (PAA, Pasching, Austria), 1% L-glutamine, and 1% penicillin/streptomycin (Cambrex) at 37
• C and 5% CO 2 . The cells were passed at confluency, every third or fourth day. The cells were sustained to a maximum of 25 passages. Transfection of MDCK II cells was done at 50-70% confluence by adding 4 µg of pEGFP-N3-PAPST1 vector and 12 µL of FuGENE 6 (Roche Applied Sciences, Basel, Switzerland) under normal growth conditions. After 72 h, the cells were passed and the medium was changed to the selection medium with 1 mg/mL G-418 (Duchefa Biochemie, Haarlem, The Netherlands). Resistant colonies were selected and screened by two criteria. First, GFP fluorescence in the Golgi region of live cells was assessed using confocal imaging (Confocal IX81 Olympus Fluorview FV1000). Golgi membranes were visualized by the Golgi marker BODIPY-TR-C 5 -ceramide (Invitrogen). Secondly, expression was verified by Western blotting onto PVDF membranes (GE Healthcare, Fairfield, CT) after SDS-PAGE on Criterion-XT gels (Bio-Rad, Hercules, CA) using rabbit anti-GFP (Ab-6556, Abcam, Cambridge, UK) as primary antibody and donkey antirabbit HRP-conjugated IgG (NA943, GE Healthcare) as secondary antibody. Western blots were developed by ECL + (GE Healthcare). Three out of ∼20 selected transfectants expressed detectable levels of PAPST1-GFP.
Preparation of Golgi vesicles and uptake of PAPS Subcellular fractionation procedures for MDCK II cells and MDCK II-PAPST1 cells were modified from the method described previously (Fjeldstad et al. 2002) . Cells were grown to confluency on 500 cm 2 plates (Corning, Corning, NY). The cells were scraped off the plates, washed, and homogenized at 4
• C in homogenization buffer (250 mM sucrose, 3 mM imidazole, pH 7.4). After centrifugation at 10 min at 800 × g, 8.5 mL of the post nuclear supernatant (PNS) was mixed with 6.5 mL of 2 M sucrose, 10 mM CsCl, and 1 mM Hepes. A step-gradient of five steps was made: 5 mL of 1.3 M sucrose and 1 mM Hepes, 5 mL of 1.15 M sucrose and 1 mM Hepes, 15 mL of PNS mix, 6 mL 0.9 M sucrose and 1 mM Hepes, and finally 6 mL of homogenization buffer. The gradient was centrifuged in an SW 32 rotor (Beckman Coulter, Fullerton, CA) for 4 h and 20 min at 28,000 rpm using an LK-80 Ultracentrifuge (Beckman Coulter). The enriched Golgi fraction (2-3 mL) at the upper interface was transferred to a new centrifuge tube and diluted to 5 mL with homogenization buffer. Golgi vesicles were pelleted by centrifugation in an LMA-80 rotor (Beckman Coulter) for 1 h at 50,000 rpm using an Optima Ultracentifuge (Beckman Coluter). Uptake of PAPS by Golgi vesicles using 2 µM [ 35 S]PAPS (PerkinElmer, Waltham, MA) and measurement of the protein content of Golgi fractions were performed as described in Fjeldstad et al. (2002) . 
Radioactive metabolic labeling
Analysis of labeled macromolecules and proteoglycans
Analysis of macromolecules in apical and basolateral media were done as previously described (Svennevig et al. 1995) . Excess radioactive label was removed by gel filtration with Sephadex G-50 Fine (GE Healthcare), and incorporated radioactivity was determined by scintillation counting (TR 1900, Packard) using Ultima Gold XR (PerkinElmer). In some experiments, the composition of GAGs was analyzed. This was done by specific degradation as described earlier (Svennevig et al. 1995) ; CS by chondroitinase ABC (Seikagaku, Tokyo,
